A metastable state of helium with an attached positron is predicted to exist with a total energy of −2.250 5916 Hartree. The state is stable against dissociation into He + + Ps with a binding energy of −0.000 5916 Hartree. This state is formed by the attachment of a positron to the metastable He 1s2s 3 S e state. The He ( 3 S e )e + 2 S e state has a 2γ decay rate of 5.67 × 10 9 s −1 . The He( 3 S e )e + 4 S e state can only decay by a 3γ process with an approximate rate of 7.1 × 10 6 s −1 . The structure of these states are best characterized as a positronium atom orbiting a He + 1s core at large distances.
Introduction
Just recently, the question of whether it is possible for positrons to bind to atoms has been settled conclusively in the affirmative [1, 2] . The stochastic variational method [3] [4] [5] [6] was used to demonstrate that the energy of the Lie + ground state was lower than the sum of the energies for the Li + and positronium ground states. Subsequently, an explicit variational demonstration of the electronic stability of the ground state of positronic beryllium, i.e. Bee + has also been performed [7] . In addition, a variation of the SVM which treats the behaviour of free particles outside a closed-shell core was developed and this gave convincing evidence that the ground states of Nae + and Mge + were stable [8, 9] . With respect to the rare gases, it is known that positrons, like electrons, cannot bind to atomic helium [10, 11] . However, it is also known that electrons can bind to excited states of helium and there are a number of metastable negative ion states in the electronhelium continuum [12] . This naturally raises the question as to whether it is possible for positrons to bind to some of the metastable states of helium. For example, the 1s2s 3 S e state of helium has a lifetime of about 2 h. Therefore, if a positron could be attached to the 1s2s 3 S e state, the resulting complex would be metastable against electronic decay. The possibility of positron binding to the triplet state of helium was first considered many years ago by Drachman et al [13] , but their attempt to establish binding was unsuccessful. However, they did correctly surmise that the structure of the system would most likely be a positronium cluster weakly attached to a residual He + core.
Results
Two sets of calculations were performed for this atom. One set was performed with the stochastic variational method (SMV) which provides a rigorous upper bound on the energy of the Hee + system and therefore provides conclusive evidence of binding. The fixed-core SVM (FCSVM) calculations were performed for two purposes. First, the He( 3 S e )e + positronic atom is the simplest system for which a frozen-core model is viable, and therefore provides an ideal theoretical laboratory upon which to assess the reliability of the FCSVM model calculations. Such an assessment is necessary since the fixed-core SVM has been used to predict binding in the Nae + , NaPs and Mge + systems [8, 9] and is expected to give the best estimates of the binding energy for Bee + and LiPs [7] . In addition, expectation values computed with the fixed-core SVM are often more revealing than those calculated in the SVM. For instance, the interpretation of the mean electronpositron distance computed with the SVM wavefunction is complicated by the fact that two spatially separated electrons are present in the matrix element evaluation. The core electron can be omitted from the matrix element calculations for the fixed-core wavefunctions and this makes it easier to demonstrate that the valence electron and positron have combined into a positronium cluster.
The SVM and fixed-core SVM methods have been used in all our previous calculations of positron-atom and positronium-atom complexes. Since the details of these methods and their application to positronic complexes have been described previously [7] [8] [9] , it is only necessary to give a minimal description of the fixed-core SVM as it was applied to the present atom.
The fixed core for the present calculations was the 1s ground state of He + . The direct interaction between the core and the active electron and positron was computed from the exact He + (1s) wavefunction. Since the two electrons are in a relative triplet state, the Pauli principle requires the spatial part of the wavefunction for the active electron to be orthogonal to the He + (1s) state. Evaluation of the core-exchange and projection matrix elements required an alternate representation of the core in terms of Gaussian-type orbitals. The He + (1s) state was expanded as a linear combination of 12 Gaussian-type orbitals. The energy of this 12-Gaussian representation of the 1s ground state was −1.999 9995 Hartree. The dipole polarizability for the He + core is 0.281 25 a 3 0 . Both one-and two-body polarization potentials were included in the calculation. The polarization potentials were
and the two-body potential was
for the electron-positron case. The cut-off function is
The cut-off parameter ρ was fixed by fitting fixed-core Hartree-Fock calculations of the 1snd 3 D e states to the theoretical energy levels of Drake and Yan [14] . The energy levels of Drake and Yan were computed with a nonrelativistic Hamiltonian with an infinite nuclear mass and can be regarded as exact for all practical purposes. The value chosen for ρ was 2.0 a 0 . The current energy levels are compared with those of Drake and Yan in table 1.
The three calculations that were performed were a completely ab initio SVM calculation, and fixed-core SVM calculations with and without polarization potentials. The fixed-core SVM calculations with and without the polarization potentials will be referred to as the FCSVM pol and FCSVM models, respectively. The coefficient of the projection operator, λ, was set to 10 6 for the FCSVM and FCSVM pol calculations. The condition for binding is that the total energy should be less than the energy of the He + (1s) + Ps(1s) dissociation channel, i.e. −2. He( 3 S e ) parent. The Gaussoid basis of dimension 500 used for the SVM calculation gave a binding energy of 0.000 5916 Hartree. This energy has probably converged to an accuracy of about 10 −6 Hartree. It has also been confirmed that the binding energy is relatively insensitive to finite mass effects. The total energy of the He( 3 S e )e + ground state was −2.250 3139 Hartree when the m α /m e ratio was set to 7294.299 62. The resulting binding energy was 0.000 5881 Hartree.
The binding energies obtained with the FCSVM and FCSVM pol models were 0.000 4931 and 0.000 5880 Hartree, respectively. These energies have converged to an accuracy of about 10 −7 Hartree. One of the pleasing aspects of the calculation was the excellent agreement between the SVM and FCSVM pol binding energies. This excellent agreement provides a demonstration of the inherent accuracy of the fixed-core SVM, although it must be remarked that the very small difference of 3.6 × 10 −6 Hartree between the SVM and FCSVM pol energies could be fortuitous.
The mechanism responsible for binding can be deduced by performing an FCSVM calculation with the exchange and polarization potentials omitted. Even though the binding energy was reduced to 0.000 0688 Hartree, the direct interaction of the core with the two active particles was sufficient to produce binding. This supports the idea that the polarization of the positronium cluster by the residual ion core is responsible for binding. The importance of including the two-body polarization term in the FCSVM pol Hamiltonian was demonstrated by performing a modified FCSVM pol calculation with the two-body term omitted. The binding energy of 0.000 6982 Hartree overestimates the SVM binding energy by about 20%. The inclusion of the two-body potential effectively halves the contribution to the binding energy from core polarization. The decrease in the polarization energy contribution is easily understandable when the structure of He( 3 S e )e + with its positronium cluster is taken into account. The polarization of the core by the valence electron is diminished when the simultaneous polarization of the core by the nearby positron is taken into consideration. Although the polarization potential has a conspicuous effect in contributing 20% to the binding energy, it should be remembered that this contribution to the binding energy corresponds to an absolute change of only 10 −4 Hartree. The polarization of the core is mainly noticeable because the binding energy is so small.
In figure 1 , the probability density functions, ρ(r), for the positron and electrons are plotted. These functions are normalized so that integrating over all space yields the number of particles of each type, namely
The agreement between the SVM and FCSVM pol probability densities was excellent and provides a further validation of the FCSVM pol model. The He( 3 S e )e + valence electron and positron expectation values, r , in the FCSVM pol model were 15.43 a 0 and 15.87 a 0 , respectively. Yet the mean (valence) electron-positron distance was 3.15 a 0 . This is clear evidence that the electron and positron have joined together and formed a positronium cluster which is weakly bound to the nucleus. The fact that these two particles are far removed from the nucleus provides an after-the-fact justification of the original decision to use an unperturbed He + 1s orbital to model the core. The good agreement between r p for the SVM and FCSVM pol calculations further demonstrates the accuracy of the FCSVM pol model.
The spin-averaged 2γ decay rate was 1. While the less rigorous FCSVM methods have also been used to establish the existence of the metastable state, the real purpose of these calculations has been to establish the reliability of the FCSVM ansatz. Fully ab initio SVM calculations are only possible for the first four or five elements of the periodic table and therefore approximate methods need to be adopted in order study positron binding to heavier atoms such as sodium or magnesium. The present results have demonstrated that the FCSVM approach is capable of yielding accurate binding energies and therefore places the predictions of positron binding to sodium [8] and magnesium [9] on a firmer foundation.
The production and detection of the He( 3 S e )e + state is certainly feasible given the success of numerous experimental investigations into the negative ion continuum of helium [12] . At present, gas-phase experiments observing the existence of atoms with an attached positron or positronium atom are limited to HPs [15] . One possible way to form the atom would be via the reaction Ps + He → He( 3 S e )e + + e − .
Drachman et al [13] suggested such a reaction might be effective at energies above 24.5 eV. Given the experimental advances in producing metastable helium beams, an alternative reaction with a larger cross section would be Ps + He( 3 S e ) → He( 3 S e )e + + e − .
In either case, an experimental demonstration of the existence of positronic helium is likely to be quite an exacting experiment.
